ABSTRACT: Solid-state NMR is a powerful tool for quantifying chemical composition and structure in complex assemblies and even whole cells. We employed N{P} REDOR NMR to obtain atomic-level distance propensities in intact 15 N-labeled E. coli ribosomes. The experimental REDOR dephasing of shift-resolved lysyl amine nitrogens by phosphorus was comparable to that expected from a calculation of N−P distances involving the lysines included in the crystal structure coordinates. Among the nitrogen contributions to the REDOR spectra, the strongest dephasing emerged from the dipolar couplings to phosphorus involving nitrogen peaks ascribed primarily to rRNA, and the weakest dephasing arose from protein amide nitrogens. This approach is applicable to any macromolecular system and provides quantitative comparisons of distance proximities between shift-resolved nuclei of one type and heteronuclear dephasing spins. Enhanced molecular specificity could be achieved through the use of spectroscopic filters or specific labeling. Furthermore, ribosome 13 C and 15 N CPMAS spectra were compared with those of whole cells from which the ribosomes were isolated. Wholecell signatures of ribosomes were identified and should be of value in comparing overall cellular ribosome content in whole-cell samples.
■ INTRODUCTION
The ribosome is the ultimate cellular machine. Ribosomes are made up of ribosomal RNA (rRNA) and over 50 proteins in bacteria, organized into large and small subunits, to translate genetic instructions into proteins. Tremendous contributions over decades have transformed early electron microscopy images and plaster of Paris models of the glove-like assembly 1 into high-resolution atomic-level coordinates through X-ray crystal structure determinations and, more recently, through cryo-electron microscopy (EM). High-resolution structures are now available for many ribosomes purified from bacteria, including Haloarcula marismortui (the first 50S subunit structure published in 2000), 2 Thermus thermophilus, 3 E. coli,
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B. subtilis, 5 and Mycobacterium smegmatis. 6 The first eukaryotic ribosome was determined for the yeast Saccharomyces cerevisiae in 2010. 7 Since then, cryo-EM structures with 2.5−5 Å resolution have been reported for the 80S ribosomes from human, 8 Drosophila, 9 Plasmodium falciparum, 10 and Trypanosoma cruzi 11 and for the mammalian mitochondrial and spinach chloroplast ribosomes. 12, 13 These structures have yielded invaluable insight into ribosome function and the modes of action of ribosometargeting antibiotics. New ribosome structures continue to be determined from other species and domains of life, revealing major similarities but also structural differences. 14, 15 Differences in ribosome structures across kingdoms, for example, enable the use of ribosome-targeting antimicrobials to arrest bacterial protein synthesis while not significantly affecting human ribosome function. Computational studies have sought to examine and understand the statistical propensity of various amino acids involved in protein−RNA contacts lending structural integrity to ribosomes and other protein−RNA complexes, often by examining dozens of available and relevant crystal structures of certain types. 16, 17 Yet, within available structures, electron density can be missing or imprecise near protein side chains.
We demonstrate that important atomic-level distance propensities can be obtained for intact ribosomes using rotational-echo double resonance (REDOR) solid-state NMR. 18 REDOR NMR is uniquely suited to determining individual and site-specific internuclear distances within biological assemblies as well as measuring the collective proximities between a certain type of nucleus distributed over many sites and dephasing spins to capture propensities of contacts or distance distributions. 19 For example, a 1.1 ms C{N} REDOR experiment can identify all carbons in a sample that are bonded to N and provides the percent of carbons at a specified chemical shift in that one-bond contact distance. Longer distances are measured and evaluated by increasing the REDOR evolution time for the experiment. The approach does not require crystalline material, and REDOR measurements have been made in purified proteins and enzymes, in bacterial whole cells, and even in intact plant leaves. 19 Atomiclevel detail for DNA packaging in bacteriophage T4 capsids employed N{P} REDOR to describe the electrostatic interactions and mechanisms for DNA charge balance in capsid packaging. 20 Furthermore, we have been developing approaches to identify and compare spectral signatures of specific biomolecules in the context of intact whole cells. 21−24 For example, we were able to distinguish whether bacteria were treated with a cell-wall-targeting antibiotic (fosfomycin) or a protein synthesis inhibitor targeting the ribosome (chloramphenicol) by inspecting the natural abundance 13 C NMR spectra of antibiotic-treated whole cells. 22 Here, we introduce a REDOR approach to evaluate the total collection of lysine−RNA proximities in intact ribosomes from E. coli. We performed N{P} REDOR NMR on uniformly 15 Nlabeled ribosomes to measure the spectral dephasing of shiftresolved lysyl amines by rRNA phosphates and report on the collective dipolar couplings between [ε- 15 N]Lys and 31 P nuclei. Results are compared with expectations from the available proximities in the X-ray crystal structure ( Figure 1A ). REDOR dephasing of other nitrogens in the system, including rRNA and protein amides, provides internal comparisons for relative distance propensities. Additionally, with approximately 20 000 ribosomes per bacterium, ribosomes can account for up to onefourth of the dry mass of the cell. 25 We compared 13 C and 15 N NMR spectra of ribosomes with whole-cell spectra and identified spectral signatures of ribosomes that could be valuable in comparing ribosome content even in unperturbed whole-cell samples. 13 C-and 15 N-labeled whole-cell samples. To ensure complete labeling, a culture of E. coli MRE-600 was started in LB broth and grown overnight, diluted 1:100 in an M9 medium and grown to midexponential phase and then further diluted 1:50 in an M9 medium to prepare another overnight culture. This overnight culture was diluted 1:500, grown to an optical density of 0.60 at 600 nm, harvested by centrifugation at 10 000g for 4 min at 4°C, and washed twice in ice-cold 5 mM HEPES, pH 7.4. For whole-cell samples, these cell pellets were frozen with liquid nitrogen and lyophilized.
■ MATERIALS AND METHODS
For purification of ribosomes, the cell pellets were resuspended in 20 mL of lysis buffer (70 mM KCl, 10 mM MgCl 2 , 10 mM Tris-HCl pH 7.4, PMSF and DNase (10 μg/ mL)) and disrupted with 0.1 μm glass beads for three cycles of 1 min disruption and 1 min cooling on ice. The lysed cells were washed with 5 mM HEPES, centrifuged for collection, and filtered prior to loading onto an 8 mL Monolith column45 (CIMmultus QA-8 Advanced Composite Column (Quarternary amine)) from BIA Separations for purification by FPLC. 26 A pure ribosome sample was obtained with elution at 450−550 mM NH 4 Cl. The ribosome fractions were combined, concentrated, and exchanged into lyophilization buffer (5 mM HEPES, 0.5% PEG-8000, and 30 mM trehalose). The purification resulted in greater than 10 mg of ribosomes per liter of bacterial cell culture.
Solid-State NMR and REDOR. Solid-state CPMAS 27 and N{P} REDOR NMR were employed in this study. REDOR NMR enables the measurement of heteronuclear dipolar couplings between heteronuclear spin pairs. 18 The dipole− dipole coupling between heteronuclei within a magnetic field is dependent upon both spatial and spin coordinates. Magic-angle spinning averages over the spin coordinates and suppresses the dipolar interactions in a coherent manner. The REDOR measurement utilizes the application of rotor-synchronized radio frequency pulses to operate exclusively on the spin coordinates and interferes with the complete suppression of the dipolar coupling by magic-angle spinning. This recoupling, or reintroduction of the dipolar coupling, enables the measurement of dipolar couplings and hence distances. The 15 N{ 31 P} REDOR dephasing of the lysyl peak is reported as the experimental dephasing (ΔS/S 0 ) for two REDOR evolution times (4.48 and 16 ms). The ΔS value was calculated from the difference in peak heights of the lysyl peak in the S 0 and S spectra. Experimental uncertainties are represented with error bars. Error bars were calculated by measuring the standard deviations of the noise in a signal-free region of the spectra (−200 to −400 ppm) and propagating the error through the ΔS and ΔS/S 0 calculations. 28 ■ RESULTS Biochemical Characterization of Purified Ribosomes. Isotopically labeled ribosomes were purified from E. coli MRE600, the strain from which ribosomes were purified for the crystal structure determination reported in 2005. 4 Specifically, ribosomes were isolated from bacteria harvested at OD 600 of 0.6, purified using a Monolith chromatography column, and analyzed by UV−vis spectrophotometry and protein gel electrophoresis. The 280/260 nm absorbance ratio was greater than 1.8, consistent with the RNA-to-protein ratio for an intact ribosome sample. The purified ribosome preparation was also compared with a commercially available E. coli ribosome standard (New England Biolabs 70S ribosomes) by protein gel electrophoresis and confirmed the integrity of the ribosomes in having the correct protein profile ( Figure 1A) .
REDOR for Ribosomes. N{P} REDOR was employed to determine the experimental dephasing of ribosomal nitrogens by phosphates in rRNA using uniformly 15 N-labeled ribosomes. Lysine side-chain nitrogens are resolved from other amino acid side-chain nitrogens and RNA nitrogens, whereas histidine and arginine side chains overlap with RNA nitrogens ( Figure 1B) .
Thus, we sought a quantitative analysis of lysine dephasing by phosphorus and considered dephasing of other nitrogens more holistically for potential comparative power in considering all nitrogens in the sample. We performed N−P REDOR NMR with evolution times of 4.4 and 16 ms. The 16 ms REDOR spectra yielded significant dephasing of nitrogen peaks and immediately revealed a wide range of average dipolar couplings between different types of nitrogens and rRNA in the ribosome. The lysine nitrogens exhibited 28% dephasing and will be considered further below in comparison with expectations from the crystal structure. RNA-only contributions dominate the spectrum between 140 and 180 ppm. This region also contains contributions from histidine nitrogens, but these are expected to be small based on CPMAS spectral intensities for other uniformly 15 N-labeled proteins. 29 More specifically, adenosine and guanosine position 9 nitrogens appear at 170 ppm and serve as the attachment point to the sugar ring with its monophosphate. As expected, dephasing of this peak was strong (35%) and should serve as an internal ruler for maximal dephasing in ribosome samples. In contrast, the protein amide peak exhibited the weakest dephasing by 31 P, with a ΔS/S 0 of 6%. This minimal dephasing is consistent with the protein backbone amide nitrogens being more distant, on average, from phosphates than rRNA nitrogens. Dephasing of lysyl side-chain nitrogens was strong and exhibited a ΔS/S 0 of 28%. We took the opportunity to consider the lysine dephasing in a more detailed manner in the context of ribosome structure.
E. coli ribosomes typically contain 55 proteins (22 in the small subunit and 33 in the large subunit) and three distinct rRNA strands (5S and 23S rRNA in the large subunit and 16S rRNA in the small subunit). 25 The total protein content includes 685 lysines. The crystal structure of the E. coli ribosome 4 included modeled density for 558 lysines. The difference from the total number of ribosome lysines is attributed to two sources: (i) 43 fewer lysines were included because the ribosomes used for crystallography were depleted of the S1 protein, and (ii) additional missing lysines were attributed to flexible proteins that were not included in the structure. 4 The proximities of all 558 lysines annotated in the crystal structure to phosphates were binned in 0.5 Å increments, resulting in the distance distribution presented in Figure 1C . The expected N{P} REDOR ΔS/S 0 curve was calculated for the total collection of ribosomal lysine side-chain nitrogens with the proximities to 31 P nuclei as binned in the histogram ( Figure 1D ). Simulated REDOR curves for single 15 N− 31 P distances are provided for comparison to illustrate how collections of dipolar couplings result in an appropriately weighted REDOR curve. Strong dipolar couplings (short distances) contribute to strong early dephasing and the rapid rise in the ΔS/S 0 curve, whereas weaker dipolar couplings require longer evolution times in order to contribute to REDOR dephasing. Ultimately, all 558 lysines would be dephased by phosphorus in the sample, with the REDOR curve reaching a maximum plateau of 1.0.
The calculated curve predicted 30% dephasing for the lysyl nitrogen dephasing by phosphorus after 16 ms of evolution time ( Figure 1D ). We observed 28% dephasing, close to what was predicted from the X-ray structure. Technically, the observed dephasing of 28% is just under 30% and is consistent with the set of lysines not reported in the crystal structure as being farther away from phosphorus. An additional REDOR experiment was performed with a 4.4 ms evolution time and yielded 4.6% dephasing ( Figure 1D ). REDOR NMR captured
The Journal of Physical Chemistry B Article the distance distribution between all of the lysyl amine nitrogens and phosphates in purified ribosomes, without the need for crystalline preparations, and was comparable to the calculation based on the crystal structure. This approach could be employed to examine possible differences in the propensity of contacts among other prokaryotic and eukaryotic ribosomes. Furthermore, specific labeling with strategically selected 15 Nlabeled amino acids could be employed to measure distance distributions between residues of interest and phosphates without overlapping contributions from other ribosome nitrogens. Such an approach would enable broad profiling and determination of the statistical propensity for side chains of arginines or histidines, for example, to be proximate to rRNA.
In addition to the specific analysis of N−P dipolar couplings, the one-dimensional REDOR spectra revealed the rich spectral profile of ribosomes that differs markedly from protein NMR and even whole-cell NMR spectra due to the unique RNA and protein composition of the ribosome. Thus, we took the opportunity to directly compare the 15 N and also 13 C NMR spectra of purified ribosomes with whole cells from which the ribosomes were purified.
NMR Comparisons of Nitrogen and Carbon Content in Ribosomes and Whole Cells. The N{P} REDOR fullecho S 0 spectrum revealed the unique nature of the ribosome nitrogen composition ( Figure 1B ). Nucleic acid 15 N peaks contribute significantly to the total 15 N spectral intensity of ribosomes and are salient features in a ribosome 15 N spectrum, readily distinguishing it from a typical protein or whole-cell NMR spectrum. Uniformly 15 N-labeled ribosomes and whole cells were first compared by 15 N cross-polarization magic-angle spinning (CPMAS) NMR. The two 15 N NMR spectra were normalized to the peptide backbone peak centered at 120 ppm to permit inspection of the relative content of RNA and nitrogen-containing side chains with respect to the protein amide content (Figure 2A, left) . The much higher RNA-toprotein ratio in purified ribosomes is reflected in the CPMAS spectra, noting the major rRNA chemical shifts at 70−90 ppm and 147, 160, and 170 ppm. The lysyl amine nitrogen also exhibits a more downfield chemical shift than the average whole-cell amine peak (36 ppm in ribosomes), perhaps due to the propensity for lysine−phosphate hydrogen bonding in ribosomes. A comparison is also provided in which the ribosome and whole-cell spectra are scaled to match intensities in the salient rRNA peaks near 150 and 170 ppm (Figure 2A,  right) . On the basis of this scaling and taking into account sample masses, the ribosome spectrum accounts for approximately 25% of the integrated area of the whole-cell spectrum, consistent with the expected ribosome content in whole cells. Thus, comparisons of whole-cell 15 N NMR spectra may be of value in comparing ribosome status, by evaluating intensity changes in the 140−180 ppm peaks. 13 C CPMAS spectra of purified E. coli ribosomes and whole cells also revealed clear differences consistent with the compositional differences between the two systems. In whole cells, the carbonyl peak near 175 ppm is often used as the salient reference peak, and the lipid peak near 30 ppm is also usually an intense peak in the spectrum. All other carbon contributions in the cell are spread out over many different biomolecules, yielding broad spectral contributions through carbon chemical shifts between 10 and 180 ppm. In ribosomes, however, a unique 13 C spectrum is obtained, and the rRNA sugar peaks, which are detectable by 13 C NMR, are notably taller than the ribosome carbonyl peak. Collectively, these data emphasize how solid-state NMR can capture chemical composition noninvasively in intact systems and suggest that 15 N and 13 C whole-cell NMR should be of value in evaluating ribosome levels in intact cells.
■ CONCLUSIONS
Solid-state NMR can be recruited in many different ways to examine chemical composition and architecture in complex assemblies, regardless of size or complexity or potentially unknown components present. One can define and quantify the total collection of carbons and nitrogens at specified chemical shifts and, even more specifically, through spectral filters and specific labeling to resolve overlapping chemical shift contributions. Interest in quantification is a particular motivation for relying on one-dimensional NMR methods, 15 N CPMAS spectral overlays of purified ribosomes and the whole cells from which they were isolated (normalized to the nitrogen peptide peak at 120 ppm) demonstrate the dramatic differences in the nitrogen chemical composition of ribosomes versus that of whole cells (left). Scaling the ribosome spectrum to approximately match the whole-cell 147 and 170 peaks, given that the ribosome nitrogen peaks should be the dominant contributors in these regions, yielded a ribosome spectrum with 25% of the spectral area of the whole-cell spectrum (right). (B) A 13 C CPMAS spectral overlay of ribosomes and whole cells (normalized by the carbonyl peak height at 176 ppm) similarly reflects the dramatic carbon compositional differences, noting the enhanced ribosome intensity in aromatic and sugar carbons with respect to the carbonyl peak.
The Journal of Physical Chemistry B Article including REDOR, which enables quantitative accounting of dipolar couplings in a system. Here, we introduced a solid-state NMR approach to characterize chemical composition and intermolecular interactions in intact ribosomes purified from E. coli, without requiring any degradative or invasive analysis. We used this system as a model system, believing that the crystal structure coordinates should largely represent the relevant functional state for most of the ribosome. Dipolar couplings between lysyl amine nitrogens and rRNA phosphates were measured experimentally with REDOR NMR and were comparable to calculations derived from the X-ray structure coordinates. The REDOR measurements, however, did not require optimizations to prepare crystalline material, were performed on lyophilized ribosomes, and were not hindered by flexibility that could be present in solution and not captured in crystals. In addition, we took the opportunity to compare ribosome 13 C and 15 N CPMAS NMR spectra with whole-cell spectra and identified salient ribosome signatures that should be of future value in quantifying ribosome content or mapping interactions with ribosome-binding compounds in the context of intact whole cells.
